Pristine graphene oxide thin film field effect transistors were fabricated on Si substrates without an additional reduction process. Graphene oxide with an optical band gap of 1.7 eV showed p-type semiconducting behaviour in air and ambipolarity under vacuum. The temperature dependence of conductance confirmed these semiconducting characteristics. I -V characteristics were well fitted to a variable range hopping model with 2 + 3 dimensionality, in good contrast to the 2D fitting in the reduced graphene oxide.
Introduction
Graphene is a monolayer of graphite in which a carbon backbone forms a two-dimensional (2D) hexagonal structure. Recently, interest in graphene has increased considerably not only in fundamental physics [1] [2] [3] [4] , but also in applications such as field effect transistors (FETs) and ultra-sensitive sensors [5, 6] . Currently, there are several methods for the production of graphene layers. One simple way is to exfoliate graphene layers from graphite mechanically using Scotch tape [1] . This method is simple, but does not allow for control of graphene layer positioning. Another method is to synthesize large graphene layers on a catalyst substrate by chemical vapour deposition [7] [8] [9] . However, synthesis of a single graphene layer is very difficult, and usually thicker graphene layers are formed. A third alternative is to use graphite oxides [10] [11] [12] [13] [14] . Because graphite oxide is water soluble, it can be easily exfoliated in a water-based solution and then simply sprayed or spin-coated onto any substrate. However, a reduction process is necessary to facilitate the insulating graphene oxides for FETs [15] [16] [17] [18] [19] .
It has been recently reported that graphene oxides with different oxygen contents can be produced simply by controlling oxidation times, with no need for a reduction 1 MHJ and HKJ contributed equally. 2 Author to whom any correspondence should be addressed.
step [20] . The oxygen content in graphite oxides affects the electronic structure of the graphene oxide (GO) that is produced [20] . The band gap can change from 1.7 to 2.1 eV, depending on the oxygen content. However, their transport properties have not yet been investigated.
In this report, we employed GO with band gaps of 1.7 and 2.1 eV to investigate the transport properties of GO thin film FETs. We found that the GO with a band gap of 1.7 eV showed p-type semiconducting at room temperature in ambient, while the GO with a band gap of 2.1 eV showed insulating characteristics. The conductance of the 1.7 eV band gap graphene oxides increased with temperature, again confirming semiconducting behaviour. The electrical conductance was also modelled by Mott's variable range hopping (VRH) model with 2 + 3 dimensionality.
Experimental methods
Graphite oxides were synthesized using the modified Brodie method as described elsewhere [20] . The graphite oxides were oxidized for either 5 or 60 min in the oxidation stage from precursor graphite (PG), and were then added into deionized water at the rate of 4 ml mg −1 . The mixed solution was then dispersed by adding 0.5M NaOH solution to pH 12. The dispersed solution was sonicated (400 W, Powersonic 505, Hwashin, Korea) for 10 h and then centrifuged (8000 rpm for 10 min, Mega 17R, Hanil Science Industrial Co., Ltd, Korea). The supernatant of the exfoliated GO was sprayed onto a SiO 2 substrate (2 × 2 cm in size, 500 nm thick). Then, the Ti/Au (10/100 nm) electrodes for the FET devices were patterned by an electron beam evaporator (see figure 1(a)) [21] . PG (Alfar Aesar, purity of 99.999%) was also used as a reference. A powder of the PG was mixed with ethanol solution (>94%, Duksan, Korea) at the same mixing rate as the GO solution, and then the mixed solution was sonicated for 4 h. The I -V characteristics of the samples (PG, GO-5 min, GO-1 h) were measured by a source-measure unit (Keithley 236, 237) using a probe station. Temperature was controlled by a closed cycle refrigerator system. Raman spectroscopy measurement was done with a micro-Raman system (Renishaw, RM1000-In Via) with an excitation energy of 2.41 eV (514 nm).
Results and discussion
The atomic force microscopy (AFM) image of the actual device and the schematics of our device are presented in figure 1(a). S and D stand for source and drain electrodes in the FET device. The gate bias is applied by a Si backgate (oxide thickness: 500 nm). Figure 1(b) shows the band gap of graphite oxides depending on the oxidation time based on our previous study [20] along with PG [22, 23] . Illustrations of the band structures near the K-point were added to indicate the different band gaps of PG, GO-5 min and GO-1 h. The band gaps of the GO-5 min and GO-1 h are 1.7 eV and 2.1 eV, respectively. The band gaps saturated at large oxidation times [20] . Figure 1(c) shows the I -V curves of the samples at a zero gate bias. The conductivity of the PG device is 31.2 S cm −1 , much lower than that of bulk (1000 S cm −1 ) [24] . This poor conductivity is ascribed to the thin film and cross-bridged small patches of graphene layers of sizes less than 3 µm. The conductivity decreased with increasing oxidation time. This behaviour is closely related to the oxygen content in the GO samples, where the sp 3 bonding character increases with oxidation times [20] . The sample subjected to 5 min oxidation time, with a conductivity of 0.034 S cm −1 and a band gap of 1.7 eV, could be a good candidate for use as a semiconducting channel in the FET device. Figure 1(d) illustrates that I DS is clearly modulated with a gate bias in the 5 min oxidation time sample, and that the device is a p-type, similar to the previous report using reduced GO [17] . The PG sample showed no gate bias modulation confirming again the metallic behaviour. Although the sample subjected to 1 h oxidation time showed some degree of gate effect, the current level was at an order of picoampere, which is too low to be used in practical devices.
A more detailed investigation of the p-type semiconducting sample (GO-5 min) was performed. Figure 2(a) shows the current versus the gate voltage in air and under vacuum. The original p-type semiconducting behaviour in air was converted into ambipolar behaviour under vacuum, as evidenced by the current increase at the positive gate bias, due to the removal of oxygen-related functional groups and water inside the GO layers [25] . These ambipolar characteristics have been shown in carbon nanotubes under vacuum [25, 26] and graphene as well [1, 27] . Since GO, unlike graphene, consists of epoxide, hydroxyl and carboxyl groups [10, 20] and is thus hydrophilic [13] , the GO-FET showed enhanced p-type behaviour compared with the n-type behaviour, as evidenced by the asymmetric current in both regions, disregarding ambipolarity. It is worth noting that localized defect states might play a role in presenting low on/off ratio of FET based on GO.
Figure 2(b) shows the I -V characteristics associated with temperature changes while under vacuum, at a source-drain voltage of 1 V. As the temperature decreases, the current also decreases, with current suppression near the zero gate bias regions, revealing a band gap opening. The ambipolar property at 90 K is comparable to that of graphene [1, 27] . Currents with source-drain voltages at the zero gate were measured as a function of temperature, and results are presented in figure 2(c) . The slope of the I -V curve increases as the temperature increases. The conductance, as determined by the curve (G= dI /dV d at V d = 0), was obtained from the slope and is shown in figure 2(d) . The conductance revealed strong temperature effects, indicating the semiconducting property of the GO sample. Conductivities of the GO samples were calculated between 0.001 and 0.05 S cm −1 , assuming the sample thickness of 5 nm, which is about five orders of magnitude lower than that of graphene [1] . However, the conductivity is comparable to other GO samples produced using reduction processes [15, 17] , demonstrating the advantage of our approach that requires no reduction process.
The conductance was fitted to a VRH model to know the dimensionality of the sample. The VRH mechanism explains consecutive inelastic tunnelling processes between two localized states. The charge carriers transport via such localized states by hopping with exponential temperature dependence [28] :
where (n − 1) is the dimensionality of the sample. A twodimensional character reflects n = 3, while n = 4 indicates three dimensionality of the sample [29] . A natural logarithm of the conductance was plotted as a function of T −1/3 and T −1/4 in figures 3(a) and (b), respectively, along with a best fit line from the VRH model. The standard deviations were 0.059 and 0.044, respectively. Both fits matched well with the experimental conductance, indicating the carrier tunnelling via more than one layer of GO. It is noted that the FET composed of multiple flakes of graphene oxides showed very high resistance, and furthermore its current was not stable enough for the transport measurement. Therefore, we carefully chose our FET samples which consist of a single flake with either one layer or several layers. Raman spectra confirmed the existence of large defects, supporting the VRH conduction mechanism. Figure 4 shows the Raman spectra of G, D and 2D bands. While the G band in the PG sample at 1567 cm −1 was sharp, a dramatic increase in the D band intensity at 1327 cm −1 , comparable in size to the G band of PG, was observed in GO-5 min, as shown in figure 4(a) . Unlike the D band that is associated with defects on the graphite flake, the D band in GO is contributed by the functional groups distributed randomly in the carbon backbone and enhanced the sp 3 character. The 2D band of GO was 2711 cm −1 , which is larger than 2706 cm
of PG. However, the number of GO layers cannot be estimated from the peak shift of 2D due to the p-doping effect by oxygenrelated functional groups [30] , as shown in figure 4(b) . This indicates that conductance was addressed by the (presumably localized) defects existing in the GO film, which is consistent with the VRH conduction mechanism. The conduction does not occur via simple two-dimensional film but via two+three-dimensional films. In other words, the GO film of 5 nm thickness achieves three-dimensional transport behaviour.
Conclusions
We investigated the I -V characteristics of a GO-FET device manufactured with no reduction process. GO with an optical band gap of 1.7 eV showed a p-type semiconducting behaviour in air and ambipolar behaviour under vacuum, similar to graphene. The temperature dependence of the conductance confirmed the semiconducting characteristics and 2 + 3 dimensionality of the GO-FET. The GO conductivity was much lower than that of graphene, by about five orders of magnitude, but was comparable to other GO samples obtained using reduction processes. Our new FET manufacturing approach using non-reduced GO is much simpler than current processes and more economical as well.
